Thermogenesis in Nelumbo nucifera (Gaertn.) has been known to scientists for many years; however, the extent of heating by different floral parts remains unclear. We present evidence that the receptacle, stamens and petals produce heat independently, and that the source of heating in these tissues is most likely the alternative oxidase (AOX). The temperatures of the receptacle, petals and stamens were significantly higher than non-thermogenic leaf tissue. After removal from the pedicel, the receptacle retained the most heat (8.1 ± 1.9°C above non-thermogenic tissue temperature) and the petals the least (2.8 ± 4.2°C), with the stamens intermediate. High AOX protein levels and flux through the AOX pathway (in all tissues) during the thermogenic period are consistent with AOX being the mechanism used for thermogenesis. Lipids and carbohydrates were investigated as possible substrates for thermogenesis. There was little change in total lipids during floral development; however, soluble carbohydrate levels decreased by 70% with the onset of thermogenesis. These sugars may fuel thermogenesis in the stamens. The localisation of AOX protein in the various floral parts and the evolutionary significance of its heating role are discussed. 
INTRODUCTION
Thermogenesis, or self-heating, in plants has been known to scientists for more than 200 years. Heating occurs across a diverse group of plants with examples found amongst water plants (Nelumbonaceae; Miyake, 1898), cycads (Tang, 1987) , parasitic plants (Patino et al., 2000) , magnolias (Dieringer et al., 1999) , and aroids (Araceae), the latter accounting for the largest proportion of thermogenic species. Heating generally occurs in reproductive structures such as the fertile male florets in Philodendron bipinnatifidum (syn. P. selloum; Chapter 5) and P. melinonii (Seymour and Gibernau, 2008) and the ovule-containing receptacle in Nelumbo nucifera (Seymour and Schultze-Motel, 1996; Grant et al., 2008; Chapter 2; Grant et al., 2009 ; Chapter 3; Appendix 1). However, heating in non-reproductive parts has also been reported including the appendix of the spadix in Dracunculus vulgaris (Seymour and Schultze-Motel, 1999) and sterile male florets of P. bipinnatifidum (Nagy et al., 1972) . Heating may have evolved to assist in attraction of insect pollinators either by the volatilisation of scent compounds (Meeuse and Raskin, 1988) or as a heat reward (Ervik and Barfod, 1999) . For species such as the skunk cabbage (Symplocarpus foetidus and S. renifolius) which flowers in early spring, heating is thought to prevent low temperature damage during pollen maturation (Knutson, 1974; Onda et al., 2008; Seymour et al., 2009a) . In addition to heating, some thermogenic plants can also regulate the temperature of their floral parts, maintaining a constant temperature despite changing ambient temperatures. This thermoregulation has been reported in P. bipinnatifidum (Nagy et al., 1972) , S. foetidus (Knutson, 1974) and N. nucifera (Seymour and Schultze-Motel, 1996) . This temperature regulation must occur at the cellular level, as plants do not contain the complex regulatory mechanisms of endothermic animals.
There are two known means by which plants can produce heat; the alternative oxidase and uncoupling proteins (Watling et al., 2006; Onda et al., 2008) . Both mechanisms utilise respiratory energy by uncoupling electron transport from ATP production. The alternative oxidase (AOX) is a cyanide resistant terminal oxidase located on the matrix side of the inner mitochondrial membrane. The AOX protein accepts electrons from ubiquinol and reduces oxygen to water, however AOX is non-proton motive and potential energy from electron transport is released as heat (Moore and Siedow, 1991) .
The AOX protein is present in all plants and AOX genes have recently been discovered in all kingdoms except the Archaebacteria (McDonald and Vanlerberghe, 2006; McDonald, 2008) . Plant uncoupling proteins (pUCPs) belong to the mitochondrial anion carrier family of proteins and are also located in the inner mitochondrial membrane (Vercesi et al., 1995) . They partially uncouple respiration from ATP synthesis by dissipating the electrochemical H + gradient (Jezek et al., 1996) . AOX and pUCP are widespread in plant tissues of both thermogenic and non-thermogenic species.
Which pathway is responsible for heat generation seems to vary with species. For example, in P. bipinnatifidum (Chapter 5) and S. renifolius (Ito-Inaba et al., 2008a; Onda et al., 2008) both AOX and pUCP proteins were expressed in thermogenic tissue and thus might operate together to produce heat. In S. renifolius, substantial linoleic acid (LA) inducible uncoupling is thought to be primarily mediated by pUCPs (Onda et al., 2008) . In addition, although LA is generally assumed to inhibit AOX activity (Sluse et al., 1998) , pyruvate activated AOX activity was only partially inhibited by LA in S.
renifolius (Onda et al., 2008) , indicating that activities of both AOX and pUCP can remain high simultaneously. However, presence of the protein does not directly correspond to heating by AOX or pUCPs, and it is necessary to measure activity in vivo to demonstrate such a role. Stable isotope methodology, which makes use of differential fractionation of O isotopes by the terminal oxidases of the electron transport chain (AOX and COX), allows in vivo measurements of the involvement of the alternative pathway (Robinson et al., 1992; Ribas-Carbo et al., 1995; Robinson et al., 1995) . In N.
nucifera receptacles, AOX protein levels were high during the thermogenic period, whilst pUCPs were not detected and AOX flux increased with heat production whilst COX pathway flux remained stable (Watling et al., 2006; Grant et al., 2008 ; Chapter 2).
The alternative oxidase thus appears to be solely responsible for uncoupled respiration and heating in N. nucifera receptacles. Measurements of AOX flux in P. bipinnatifidum similarly suggest that the bulk of the flux is through the AOX despite the presence of pUCP protein in these tissues (see Chapter 5). In S. renifolius, both AOX and pUCP are thought to play a role in thermogenesis (Onda et al., 2008) as AOX in this species does not appear to be as sensitive to LA as in non-thermogenic species (Sluse et al., 1998) , however which pathway(s) are operational in vivo has not been tested.
Thermogenic plants can use carbohydrate and/or lipids as respiratory substrates for thermogenesis. For example, in thermogenic clubs of Arum maculatum (ap Rees et al., 1977) , and receptacles of N. nucifera (Grant et al., 2008;  Chapter 2), both of which use AOX to generate heat, starch content declines significantly by the end of the thermogenic period. Based on respiratory quotients, S. foetidus also uses carbohydrates (Seymour and Blaylock, 1999) . In contrast, the spadix of P. bipinnatifidum switches from carbohydrate to lipid metabolism with the start of thermogenesis (Walker et al., 1983; Seymour et al., 1984) , and lipid content decreases significantly by the end of the thermogenic period (Chapter 5). There is some suggestion in the literature that substrate type determines whether AOX or pUCPs are used for thermogenesis, as both can be present in thermogenic tissues. For example, AOX , but not pUCP, gene expression increased in thermogenic tissue of D. vulgaris which uses carbohydrates for heating (Ito and Seymour, 2005) . In contrast, pUCP, but not AOX, gene expression increased in P.
bipinnatifidum (Ito and Seymour, 2005) , where lipids are the respiratory substrate (Walker et al., 1983) . However, measurements of protein content in thermogenic tissues of P. bipinnatifidum suggest that AOX protein increases rather than pUCP (Chapter 5),
indicating that substrate alone may not determine whether AOX or pUCPs are used.
Heating generally occurs in floral tissues and until recently, it was thought the flowers of thermogenic plants possessed some unifying characteristics (Seymour and SchultzeMotel, 1997). Flowers of thermogenic species are usually large as small flowers with high surface area:volume ratios are unable to retain heat efficiently (Seymour and Schultze-Motel, 1997) . Thermogenic flowers are also usually protogynous; the female parts of the flower are receptive before the male parts. However, the discovery of thermogenesis in the stalk of the parasitic plant Rizanthes lowii (Rafflesiaceae; Patino et al., 2000) shows that thermogenesis may occur in other plant organs.
The pattern and location of heating is varied and species specific (see Table 1 .1 page 2). Heating episodes often correspond with reproductive maturity of the stigma and pollen and occur in these specific floral parts at different times. Dracunculus vulgaris displays a triphasic heating pattern, the floral chamber heating on the first night, appendix heating the following day and a second floral chamber heating episode on the second night (Seymour and Schultze-Motel, 1999) . In other species heating is less stage specific, as in S. foetidus where thermogenesis can occur in all stages of flowering (Seymour and Blaylock, 1999 Heating in thermogenic plants is often reported on a whole flower basis so the specific localisation of the thermogenic tissue remains unclear. In S. renifolius and S. foetidus the thermogenic spadix is small (2.5 -4.0 g) with floret mass even lower (Seymour and Blaylock, 1999; Onda et al., 2008) . This small size makes distinguishing between adjacent thermogenic and non-thermogenic tissues difficult. As both pUCP and AOX have been found in the petals and pistil of S. renifolius, it has been suggested that heating occurs in both tissues (Onda et al., 2008) . In P. bipinnatifidum the sterile male florets have been the focus of most studies (Nagy et al., 1972; Seymour, 1999) , however recently precise thermoregulation has also been reported in the fertile male florets of this genus (Seymour and Gibernau, 2008; Chapter 5).
The sacred lotus (Nelumbo nucifera Gaertn.) is an aquatic eudicot which can regulate the temperature of its floral chamber between 30-36°C against changing ambient temperatures (Seymour and Schultze-Motel, 1996) . Although thermogenicity in the sacred lotus receptacle has been known for more than 100 years (Miyake, 1898) there is still uncertainty regarding heating in the surrounding stamens and petals. Heating has been suggested to occur in both the receptacle (Vogel and Hadacek, 2004) and stamens exclusively (Skubatz and Haider, 2004) and in all floral parts (receptacle, stamens and petals; Seymour and Schultze-Motel, 1998). The present study had four objectives.
Firstly, to clarify if the sacred lotus stamens and petals contribute to floral heating.
Secondly, to determine if heating was localised to particular regions of each tissue (receptacle included). Thirdly, we hypothesised that similar to the receptacle (Watling et al., 2006; Grant et al., 2008;  Chapter 2), the petals and stamens would use the alternative pathway to generate heat. Our final objective was to identify if carbohydrates or lipids were the thermogenic substrate in these tissues.
MATERIALS AND METHODS

Plant material and temperature measurements
Sacred lotus (Nelumbo nucifera Gaertn.) flowers were collected from the Adelaide 
Respiration and discrimination analysis
Discrimination during respiration and steady state flux of electrons through the cytochrome c and alternative pathways of stamens and petals at each developmental stage was determined using the on-line oxygen isotope technique described in Watling et al., (2006) . Briefly, respiration rates and differential uptake of oxygen stable isotopes were measured simultaneously in six sequential samples taken from the gas phase surrounding the respiring tissues. The isotopic discrimination factors (D) and partitioning of electrons between the cytochrome and alternative pathways were calculated essentially as previously described. The r 2 of all unconstrained linear regressions between -ln f and ln (R/R o ), with a minimum of six data points, was at least 0.992. To establish the discrimination endpoints for the alternative (∆a) and cytochrome (∆c) oxidases, stamens and petals were infiltrated with either 16 mM KCN or 25 mM SHAM (made from a 1M stock solution in 0.05% DMSO) prior to measurement. The endpoints for stamens (∆c = 17.5 ± 1.0‰, and ∆a = 25.6 ± 1.8‰; mean ± sd) and petals (∆c = 16.3 ± 1.1‰, and ∆a = 26.6 ± 2.7‰; mean ± sd) were then used to calculate the flux through the alternative and cytochrome pathways in uninhibited tissues as described in Ribas-Carbo et al. (2005) .
Mitochondrial isolation and immunoblots
Isolation of washed mitochondria was based on the method of Day et al. (1985) with Chapter 2). 
AOX capacity
Soluble carbohydrate and starch assay
Soluble carbohydrates and starch were determined in stamen tissue from stages 0, 2 and 3 using the methods of Scholes et al. (1994) and Caporn et al. (1999) as previously described (Grant et al., 2008;  Chapter 2). Stages 0, 2 and 3 represent pre-thermogenic, thermogenic and post-pollen stages, respectively.
Fatty acid analysis
Total lipid was extracted from 0.4 g of frozen tissue using standard methods (Folch et al., 1957) as described by Cyril et al. (2002) . The tissue was ground to a fine powder in liquid nitrogen (N 2 ) using a mortar and pestle and then further homogenised with 10 ml of ultra pure chloroform:methanol ( 
Statistical analysis
Mean differences in relative AOX and COX protein, AOX capacity, floral temperature changes, starch, soluble carbohydrates and fatty acids were investigated using one-way ANOVA and paired T-tests. Where significant differences were identified post hoc Tukey-HSD tests were performed. Data were tested for normality and homogeneity of variances using Shapiro-Wilk W and Bartlett's tests, respectively. Stamen and petal AOX/porin protein and stamen sucrose determination data were log transformed to satisfy the assumptions of ANOVA. All statistical analyses were carried out using JMP 5.1 (SAS Institute Inc, Cary, NC, USA). Significant differences at P<0.05 are reported.
RESULTS
Do sacred lotus stamens and petals heat?
Whilst intact and attached to the pedicel it was difficult to observe whether the petals and stamens heated independently of the receptacle (Fig. 4.1A) . Therefore, floral parts of stage 2 flowers (see Chapter 2 for description of stages) were removed and separated (Fig. 4.1B) . Immediately after removal from the pedicel, parts of stage 2/3 flowers were significantly warmer than non-thermogenic leaf tissue with the receptacle heating the most, the petals the least and the stamens heating intermediately ( (Table 4 .1). Heating in the petals was predominantly towards the base (Fig. 4.1B ) while all sections of the stamens (filament, anther sacs and appendage) remained warm (Fig. 4.1B) . Closer inspection revealed that the filaments of the stamens were somewhat warmer than the distal sections (Fig. 4.1C ).
Attached stamens also remained 10°C higher than ambient temperature 4 min after the O 2 g fw -1 s -1 in stamens and was similar across the development sequence (Fig. 4.2A) . AOX was detected in stamens as a ~32 kDa protein. AOX protein levels in the stamens increased until stage 2 and remained high throughout stage 3 (Fig. 4.2C ). Stage 2 AOX protein levels were 5-fold higher than stage 1 (F 3,16 =9.96, P =0.0006). COX protein levels in stamens did not change significantly during development (Fig. 4.2C ). There was no detection of pUCPs in the stamens at any developmental stage.
Respiratory flux and proteins in the petals
Total respiratory flux in petals was similar at all developmental stages (Fig. 4.2B) , with the highest mean flux, 0.015±0.001 µmol O 2 g fw -1 s -1 measured in stage 2 petals.
Similarly, no significant differences were detected in flux through the COX pathway across the developmental sequence (Fig. 4.2B ). AOX flux in the petals increased significantly with the onset of thermogenesis, increasing more than 3-fold from stage 0 to stage 1 ( Fig. 4.2B ; F 3,23 =4.53, P =0.012). Mean AOX flux then declined by 53% from stage 2 to stage 3, however this decrease was not significant.
AOX in the petals was also detected as a ~32 kD protein. AOX protein levels in petals remained low during stages 0 and 1 but increased 5-and 12-fold from these initial stages to stages 2 and 3, respectively (Fig. 4.2D) . AOX protein levels increased significantly within the thermogenic period with stage 3 petals containing the largest amount of AOX protein ( Fig. 4.2D ; F 2,19 =7.81, P=0.006). Mean COX protein levels did not change significantly across the developmental sequence (Fig. 4.2D ). There was no detection of pUCPs in the petals.
AOX protein distribution in stamens, petals and receptacle
Both AOX and COX proteins were distributed evenly throughout the length of the stamens (Fig. 4.3A) . By contrast, in the petals there was 10-fold decrease in relative AOX protein from the base to tip ( Fig. 4.3B ; F 3,19 = 28.56, P <0.0001) whilst COX protein levels remained similar along the length of the petal (Fig. 4.3B ). AOX protein was detected at a similar level in three parts of dissected sacred lotus receptacles; dermal layer, upper mesenchyma and basal mesenchyma ( 
Contribution of parts to whole flower heating
Based on AOX flux and tissue mass we calculated the contribution of each of the floral parts to the AOX flux of the whole flower. In the receptacle AOX flux is directly correlated with heat production (Grant et al., 2008; Chapter 2; Watling et al., 2008 ) and if we assume this relationship holds true for the petals and stamens, the contribution of AOX flux for each tissue will be directly related to the amount of heat produced by that part. During the thermogenic period (stages 1-3) the receptacle contributes 39-50% of the AOX flux, the petals 43-45% and the stamens 8-16% (Table 4. 3). AOX flux in the receptacle increased 22% between stages 1 and 2 and remained high during stage 3.
Conversely, in the stamens, the contribution to total floral AOX flux halved between stages 1 and 2 and remained less than 10% of floral AOX during stage 3 (Table 4. 3).
The contribution made by the petals was constant across the thermogenic period ( 
Soluble carbohydrates and starch in staminal tissue
There were significant changes in staminal starch concentrations during floral development ( Fig. 4.4A ; F 2,14 = 6.78, P= 0.0121). Starch concentrations doubled from 8.3 ± 4.2 mg g fw -1 to 16.6 ± 3.4 mg g fw -1 between stages 0 and 3 (Fig. 4.4A ).
Concentrations of fructose and glucose remained low until late in floral development (stage 3) when they increased 4-fold ( Fig. 4.4C ; F 2,14 = 60.27, P<0.0001). In contrast, sucrose concentrations decreased by 70% from 6.1 ± 5.0 mg g fw -1 to 1.7 ± 0.1 mg g fw -1 between stages 0 and 2 ( Fig. 4.4B ; F 2,14 = 5.12, P=0.029), although this decrease was not significant due to the large variances during the pre-thermogenic stage 0. Sucrose concentrations then increased significantly between stages 2 and 3 to a maximum concentration of 9.3 ± 2.4 mg g fw -1 (Fig. 4.4B ). 
Lipid content and composition of the receptacle and stamens
Total lipid content of the sacred lotus receptacles remained similar with a mean (± se) of 1.49 ± 0.10 mg g fw -1 during floral development (Fig. 4.5A ). Total lipids were comprised of 55-64% phospholipids (PL) and 36-45% triacylglycerides (TAG; 
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(TAG and PL) in stamens were more than 2-fold higher than in the receptacle tissue and remained high during floral development with a mean of 3.72 ± 0.17 mg g fw -1 (Fig.   4 .5B). There were no significant changes in staminal total PL (46 ± 1.9%) or TAG (54 ± 1.9%) during development (Fig. 4 .5B). 
DISCUSSION
Although it is clear that the sacred lotus receptacle heats via the alternative oxidase (Watling et al., 2006; Grant et al., 2008;  Chapter 2) there is some debate in the literature concerning the role of stamens and petals in floral heat production. Several workers have suggested that the stamens are the predominant heating tissue (Schneider and Buchanan, 1980; Skubatz et al., 1990) , however other work based on metabolic rates, reports that the receptacle contributes 50% of the floral heating and the stamens and petals 25% each (Seymour and Schultze-Motel, 1998). The only study to investigate direct temperature measurements found no evidence of staminal heating and implied that heating in the petals and stamens was only a result of heat transfer from the thermogenic receptacle (Vogel and Hadacek, 2004) . This study presents a range of data which together confirm that in addition to the receptacle, the surrounding stamens and petals of the sacred lotus also heat.
Temperatures of both petals and stamens were significantly higher than the nonthermogenic leaves and although some heat was lost on removal from the flower, sufficient remained to suggest that these organs may heat independently. Further evidence is provided by thermal images showing floral parts separated from the pedicel and each other, where stamens and petals are clearly warmer than their surroundings and stay warm for longer than equivalent non-heating tissue (Fig. 4 .1B, Table 4 .1). This ability of all parts of newly excised flowers to stay warm (Table 4 .1) suggests that they are able to generate heat to replace that which is lost. As expected, heat loss was most rapid in the small, spindly stamens and least in the denser receptacles (Table 4 .1).
Further evidence for independent heating of stamens is seen in the thermograph (Supplemental Fig. 4 .1) where upon the removal of the receptacle from the flower, the attached stamens remained nearly 10°C higher than ambient temperature for 4 min.
Whilst necessary to prevent heat transfer from the receptacle, removing the petals and stamens from the flower could also reduce heating by disturbing metabolism or inducing a wound response. However, this is not always the case since in the thermogenic Philodendron bipinnatifidum, for example, sterile and fertile male florets continue to heat for up to 30 hours after removal from the plant (Chapter 5). Although Vogel and Hadacek (2004) reported no staminal heat production, they used flowers which appeared to be smaller, have fewer petals and, on average, were 2°C cooler than the ones used in the present study. The size of the heating tissue has been shown to influence the amount of heating, with larger spadices of P. bipinnatifidum and skunk cabbage (S. foetidus) regulating at higher temperatures than smaller spadices (Nagy et al., 1972; Seymour and Blaylock, 1999) . It may also be the case that different populations of N. nucifera have different heating patterns as was found for the thermogenic skunk cabbage, with one group heating to approximately 4°C and another group averaging 17°C above ambient (Seymour and Blaylock, 1999 ).
An increase in flux through the AOX pathway was seen in both stamens and petals with the onset of thermogenesis (Fig. 4.2) . Total respiratory flux was 40% higher in the stamens than the petals, however this is not surprising considering the high-energy demand of pollen development. Lilium longiflorum pollen respires 10 times faster than vegetative tissue (Dickinson, 1965) and electron micrographs of N. nucifera stamens showed high numbers of mitochondria (Skubatz et al., 1990) . AOX and total respiratory flux in the receptacle was more than double that of the stamens or petals (Grant et al., 2008;  Chapter 2) supporting the view that the receptacle is the predominant heating tissue. Previously, total respiratory rates were used to determine the role of the floral parts in whole flower heating with the receptacle responsible for 50% and both petals and stamens 25% (Seymour and Schultze-Motel, 1998) . Here, we have used only AOX respiratory flux to estimate the amount of heat produced by the various floral tissues.
Our results suggest that the petals contribute a relatively constant 45% of the heat, matching that contributed by the receptacle, whilst stamens contribute up to 16% in stage 1 and 8% or less during stages 2 and 3 (Table 4. 3). This indicates an important role for the petals in floral heating rather than the trivial role previously proposed (Schneider and Buchanan, 1980; Skubatz et al., 1990; Vogel and Hadacek, 2004) .
Supporting this, a recent study demonstrated the importance of petals for reproductive success in N. nucifera (Li and Huang, 2009 ). Seed set from hand pollinated N. nucifera flowers without petals, was significantly lower than that of intact flowers (Li and Huang, 2009) . Considering that N. nucifera petals contribute approximately 45% of floral heat, this suggests that the role of heating in this species may not be predominantly to attract insect pollinators as previously thought (Seymour and Schultze-Motel, 1998) , but a mechanism to provide the optimum temperature for reproductive success. In most thermogenic species heating is associated with reproductive floral parts rather than non-reproductive parts such as the petals.
Furthermore, most explanations for the evolution of thermogenesis focus on the attraction of insect pollinators to these reproductive parts (Meeuse, 1975; Seymour and Schultze-Motel, 1998) , which may be the reason heating of the petals has been overlooked.
The increase in AOX flux in stamens and petals was followed by an increase in AOX protein, which reached a maximum in stage 2 stamens and stage 3 petals. The build-up of AOX protein in each tissue was not synchronised within the flower, but it closely preceded reproductive maturity of the stigma in the receptacle (Grant et al., 2008;  Chapter 2) and pollen in stamens (Fig. 4. 2) indicating a possible role of thermogenesis in reproductive maturity. In the petals, AOX protein was found in the base of the petal, where the petal tissue becomes yellow and spongy similar to the receptacle. This is also where the bulk of the heating occurs, as shown by thermal images (Fig. 4.1 Heating in the sacred lotus receptacle has been attributed to flux through the alternative pathway (Watling et al., 2006; Grant et al., 2008; Chapter 2) , however the localisation of the AOX protein within the receptacle remained unclear. Here we report that throughout the sacred lotus receptacle the AOX protein is distributed evenly and the activity of mitochondria is uniform (Table 4 .2). In many thermogenic species AOX is localised within specific tissues, for example localisation of AOX in petals and pistil but not the anthers or filaments in the spadix of the skunk cabbage (Onda et al., 2008) , and in the male and sterile florets but not the female florets in P. bipinnatifidum (Chapter 5).
In the lotus, AOX is evenly spread through both the male and female floral tissue suggesting the capacity to heat is ubiquitous. Sacred lotus receptacles contain two isoforms of AOX (Grant et al., 2009; Chapter 3) and it maybe that only one of these isoforms is active in thermogenesis. Expression studies are needed to determine which isoform(s) of AOX are present in stamen and petal tissues.
A large supply of energy is needed to fuel thermoregulation in plants and metabolic rates in these species may equal that of similar sized animals (Lamprecht et al., 2002b) .
Both carbohydrates (A. maculatum) and lipids (P. bipinnatifidum) have been found to fuel thermogenesis (ap Rees et al., 1977; Walker et al., 1983) . Starch and soluble carbohydrate levels in the stamens showed similar patterns to that in the receptacle during development, although soluble carbohydrate levels in the stamens (Fig. 4 .4) were double that of the receptacle (Grant et al., 2008; Chapter 2) . The use of sucrose for thermogenesis could account for the 60% decrease in sucrose in the stamens on the onset of thermogenesis in stage 2 (Fig. 4.4) . However we cannot attribute all changes in stamen carbohydrates with thermogenesis, as pollen development and maturation are taking place. After pollen maturation, an increase in soluble sugars and starch was reported in Lilium stamens (Clement et al., 1996) . This was also seen in sacred lotus stamens with both soluble sugars and starch increasing post-pollen release in stage 3 (Fig. 4.4 ). This may be because the remaining appendage and filament act as sink organs once anther maturation is complete (Clement et al., 1996) .
There was little change in total lipids in receptacle and staminal tissue. A 40% decrease in total receptacle TAG between stage 2 and 4 (peak and post-thermogenesis; Fig. 4 .5) could indicate that lipids play a role in providing energy for thermogenesis in the receptacle. However, this decrease was not as prominent as the 89% decrease in starch in the receptacle between peak and post-thermogenesis (Grant et al., 2008; Chapter 2) .
Also, these tissues contained at least 5-fold more carbohydrate than lipid per gram fresh weight, suggesting that starch is the major source of fuel for thermogenesis in the sacred lotus flower. A similar carbohydrate/lipid ratio was reported in thermogenic Magnolia tamaulipana flowers (Dieringer et al., 1999) where high carbohydrate values were attributed as a food supply for visiting invertebrates. However, in the lotus there was no evidence of invertebrate damage to floral tissue. The proportions of PL and TAG in sacred lotus floral tissues are similar to that found in the flower bud of cotton plants (Gossypium sp.; Thompson et al., 1968) .
There were, however, compositional changes in the polar (PL) and non-polar (TAG) lipids (Supplemental Table 4 Table 4 .1). Although it was not detected in lotus receptacle, it has been reported in the female parts of other plants, for example in the stigma of Nicotiana tabacum (Cresti et al., 1986) . Without double bonds or other functional groups this long chain fatty acid is nearly chemically inert and thus may remain unchanged when subjected to high temperatures. The thermophile fungi
Aspergillus fumigatus contains lignoceric acid (Habe et al., 2008) as do sunflower seeds grown at elevated temperatures (Izquierdo and Aguirrezabal, 2008) . However in sunflower seeds there was a decrease in long chain fatty acids, including lignoceric acid, with increased growth temperature indicating that the role of lignoceric acid in thermotolerance remains unclear.
Conclusion
We provide evidence that the stamens and petals of the sacred lotus produce heat 
